Lowering the temperature caused a fall in the diastolic membrane potential and action potential and an increase in the duration of the action potential in both pacemaker and nonpacemaker fibers of the rabbit atrium. Pacemaker fibers were the most resistant to cooling and continued to discharge at a temperature where all conducted action potentials and mechanical contractions had ceased. Acetylcholine (IO~7 Gm./ml.) administered at a low temperature when only pacemaker fibers were discharging, elicited propagated action potentials and contractions. This effect was associated with an increase in diastolic membrane potential towards that existing at a temperature of 30 C.
T HE results of a previous investigation concerning the effects of low temperatures on the electric and mechanical properties of the isolated atria of rabbits indicated that the pacemaker tissue continued to generate electric impulses at a temperature when all propagated electric and mechanical activity had ceased. Furthermore, an addition of a small amount of acetylcholine to the bath at low temperatures caused fully propagated action potentials to appear accompanied by the development of considerable tension. 1 The present work describes the effects of low temperatures on the transmembrane potentials of pacemaker and nonpacemaker fibers in the isolated atria of rabbits. The effects of decreased temperatures on cardiac fibers have been studied previously, using the microelectrode technic (see review by Weidmann 2 ).
MATERIALS AND METHODS
Rabbits were killed by concussion; their atria were quickly removed and mounted in a lucite chamber of 15 ml. capacity. This chamber was surrounded by a thermostatically controlled water jacket. The solution which flowed continuously through the chamber was composed of NaCI, 139.2 mil; KC1, 5.62 mM; CaClj, 2.17 inM; glucose, 11.1 mM; NaHCOa, 12.7 mM. This concentration of bicarbonate gave a pH of 7.4 when the fluid was equilibrated with 2 per cent CO 2 -98 per cent O 2 . The temperature From the Department of Physiology, The Johns Hopkins University School of Medicine, Baltimore, Mel.
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of the fluid within the chamber was registered with a mercury thermometer graduated in steps of 0.1 C. The temperature of the water jacket surrounding the chamber was held constant, within ±1 C, at any value between 5 and 35 C. by circulating the water either through a thermostatically controlled warm water bath or through cooling coils immersed in an ice bath.
Slender glass electrodes, (0.5 /u diameter, 10 to 15 megohms) were filled with 2.0 M KC1. A short piece of chlorided silver wire pushed into the shaft of the glass electrode was soldered to a thin, flexible strand of tinsel which connected directly to the grid of 5879 cathode follower tube. This method of suspending the electrode, modified from Woodbury and Brady, 3 allowed the tip to follow the movements of the beating atria. Their movements were sufficient to cause the electrode to penetrate a single fiber without further advance of the miiTomanipulator. Once introduced, the electrode tip would often remain inside a fiber for periods from 10 min. to 1 hour.
The recording equipment consisted of a conventional cathode follower input stage connected to a D.C. amplifier. The input grid current was not greater than 10~1 2 A., and the entire circuit was 3 db. down from the reference level at 5000 c.p.s. with a series resistance of 10 megohms at the input. The magnitudes of the resting and action potentials were measured by applying known voltages between the preparation and the ground electrode. The tension developed by the beating atria was registered with a mechano-transducer, RCA 5734, which was calibrated with a known series of weights and found to be linear within the range of tensions measured. The electric and mechanical responses were recorded simultaneously on a double-gun cathode ray tube and photographed on moving film with a Grass 35 mm. camera. The photographic, records were enlarged and the following measurements were made on the projected image: amplitudes of the resting and action potentials; duration of action potential (the total time in milliseconds from the beginning 664 Circulation Research, Volume V, November IS57 
RESULTS

Observations on Pacemaker and Nonpacemaker
Tissue at SO C. The atria were routinely allowed to beat at 30 C. for about 1 hour before the first penetration was made. The pacemaker region was localized as previously reported by West. 4 The results of 23 penetrations in the pacemaker region are compared with 35 penetrations into nonpacemaker fibers in table 1. These data indicate that a pacemaker fiber exhibits a lower diastolic membrane potential, a smaller action potential and overshoot, and a longer duration of the action potential than does a nonpacemaker fiber. The threshold firing level in the table indicates the point at which the slow diastolic depolarization terminates into the rapid upstroke of the action potential in the pacemaker fiber. The difference between the maximal diastolic membrane potential and the threshold firing level will be called the "pacemaker generator potential." In these data this had a mean value of 7 mv. The characteristics of pacemaker action potentials appear to be similar in the reptilian sinus, 6 rabbit atrium, 4 and Purkinje fibers of the goat. 2 Effects of Low Temperature. After equilibration, the temperature of the fluid bathing the atria was lowered at a rate of about 2°/min. until all electric and mechanical activity disappeared. Then the tissue was rewarmed to the initial temperature. The general procedure was to introduce an electrode tip inside a fiber before cooling and to maintain it there throughout a complete cooling-rewarming cycle, recording the responses of the tissue at approximately 5° intervals throughout the cycle. In each ex- are plotted in figure 1. As the tissue is cooled the maximal diastolic membrane potential diminishes as does the overshoot. However, the duration of the action potential increases ( fig. 1 ). The threshold firing level remains relatively constant until about 13 C. when it begins to diminish. In other words, the magnitude of the "pacemaker generator potential" decreases with cooling. This is a result of a decrease in the maximal diastolic membrane potential rather than a change in the threshold firing level at temperatures between 27 and 13 C. The slope of the slow diastolic depolarization flattens considerably as the tissue is cooled, and the at rial rate declines ( fig. 2B, C) . The pacemaker fibers, however, continue to discharge at a temperature when all mechanical activity and propagated electric activity cease ( fig. 2C ). Finally, a temperature is reached below 10 C. (fig. I) where the pacemaker also ceases to discharge.
Records taken from fibers located several millimeters outside the pacemaker region show no slow diastolic depolarization ( fig. 3 ). As the temperature is lowered, the membrane resting and action potentials fall ( fig. 3 ). Eventually a break appears in the upstroke of the action potential, suggesting that the action potential arises from a lower potential ( fig. 'SB) . As the temperature continues to decline, the action potential disappears leaving only the small potentials as illustrated in figure 3C , D. These too disappear at lower temperatures. These small potentials are seen only in fibers that lie very close to the pacemaker region, and they disappear entirely at distances beyond 2 mm. from the pacemaker area.
The records shown in figure 4 represent the results of a typical cooling experiment when the microelectrode was in a fiber at least 5 mm. distant from the pacemaker area. It is apparent that individual fibers stop conducting at different times since it is a routine observation that the conducted action potential disappears in individual fibers before the atria stop beating as a whole ( fig. 4B) . A characteristic feature of the response of these peripheral fibers is the abrupt disappearance of the conducted action potential when the diastolic membrane potential falls to values below 60 mv. No break appears in the upstroke of the action potential as the temperature is lowered, and no small prepotentials are ever observed. Another finding, observed only in tissue distant from the pacemaker area, concerns the shape of the first conducted action potential which appears as the tissue is rewarmed. Figure 4C shows this first conducted potential. The repolarization limb of this response appears to be divided into two components. The initial component is rapid, whereas the latter component is extremely slow. D in figure 4 shows the second potential at 18° where the repolarization phase appears to be returning towards the normal configuration. This observation appears to be similar to that already described for papillary muscle by Trautwein and Dudel. 8 In contrast, the action potential recorded from a fiber near the pacemaker region always shows a smooth repolarization limb after rewarming, and the configuration of the response is similar to that shown in figure W.
Effects of Acetylcholine en Cooled Atria. In several experiments acetylcholine (10~7 Gin./ ml.) was added directly to the chamber at a temperature when the small potentials were the only sign of activity. Figure 5 represents a typical experiment in this group. At A, the microelectrode was located about 2 mm. from the pacemaker area in the right atrium. The temperature was 11 C. and only the small potentials were visible; the membrane potential had fallen to 58 mv. At this time acetylcholine was added to the bath, and after about 2 min. the membrane potential had increased to 62 mv. and conducted action potentials "took off" from the smaller potentials with the development of considerable tension ( fig. 5B, C) . As the acetylcholine washed out of the chamber, only the small potentials remained. The tracings illustrated in D and E of figure 5 represent the results of another experiment in which the electrode was inside a fiber located about 7 mm. from the pacemaker area. The membrane potential was about 55 mv. and no action potentials were conducted to the periphery although the atria were still contracting at a slow rate indicating that some fibers probably near the pacemaker were still discharging ( fig.  5D ). Acetylcholine was then added to the bath. Several minutes later ( fig. 5E ) the membrane potential was 62 mv. and a conducted action potential appeared accompanied by an increase in strength of contractions.
DISCUSSIOX
The general effects of temperatures below a critical value of 13 C. on the transmembrane responses of pacemaker and nonpacemaker fibers consist of a fall in the diastolic membrane potential and action potential and an increase in the duration of the action potential.
The decline in "resting" potential with cooling may possibly be the result of a depression of the metabolic processes concerned with the maintenance of the partition for ions across the cell membrane. The diminution in size of the action potential at low temperatures was always associated with a low diastolic membrane potential, Weidmann, 2 showed that a low "takeoff" level results in a small action potential. The small action potential, then, may be an indirect result of the low temperature. Cooling of the atria increased the time-course of both depolarization and repolarization.
Observations on the discharges of the pacemaker fibers indicate that the low temperatures caused a decrease in the rate of diastolic depolarization and a diminution in maximal diastolic membrane potential. The threshold firing level, however, remained relatively constant from 30 to 13 C. Similar results have been observed in pacemaker areas of calf Purkinje fibers. 2 In general, the pacemaker fibers were the most resistant to cooling, and continued to discharge sizeable action potentials at temperatures where all other conducted responses had disappeared. At temperatures below 10 C, however, they ceased to discharge. The small potentials which were observed about 1 to 2 mm. from the pacemaker region when the tissue was cooled ( fig. 3C, D) , may possibly represent electrotonic spread from the discharging pacemaker fibers.
The present results substantiate our previous findings that small amounts of acetylcholine initiate propagated action potentials and contractions in atria at low temperatures where pacemaker discharges are the only evidence of activity. 1 This action appears to be associated with a slight increase in the diastolic membrane potential. According to Weidmann, 2 the rate of sodium entry into cardiac muscle fibers is a function of the level of the resting membrane potential. The conduction failure at the low temperatures may be the result of a slowed rate of sodium entry due to the low diastolic membrane potential. The slight increase in membrane potential, occasioned by the addition of acetylcholine to the tissue, may be sufficient to increase the rate of sodium entry to a point where the pacemaker discharges can elicit conducted action potentials. The exact manner in which acetylcholine increases the diastolic membrane potential remains unknown although it may be associated with an increase in potassium permeability. 7 One of the characteristic actions of acetylcholine or of vagal stimulation at normal temperatures is a slight increase in diastolic membrane potential, especially in pacemaker fibers 6 ' 8 ' 9 and to a lesser extent in atrial fibers. 10 ' 11 If acetylcholine always increases the existing level of the diastolic membrane potential, one could conjecture that acetylcholine would be stimulatory under conditions where the membrane potential has fallen below the critical level for propagation of normal action potentials. It could be inhibitory under conditions where the diastolic membrane potential, especially in pacemaker tissue, is at its normal level, and the addition of acetylcholine increases the level for spontaneous discharge.
SUMMARY
The effects of low temperatures on the transmembrane potentials of pacemaker and nonpacemaker fibers in isolated atria of rabbits were studied. Cooling caused a fall in the diastolic membrane and action potentials and an increase in the duration of the latter. Atrial rate slowed as the temperature declined. This slowing was associated with a decreased rate of diastolic depolarization and a fall in diastolic membrane potential rather than an alteration in the threshold firing level of the pacemaker fibers. When the diastolic membrane potential fell below 60 mv. in nonpacemaker fibers, all conducted action potentials disappeared. The pacemaker fibers, however, continued to discharge at a temperature where all propagated electric activity and contractions had ceased. The use of acetylcholine (10~7 Gm./ml.) at a temperature where only the pacemaker fibers were active, elicited propagated action potentials and contractions. This action of acetylcholine was associated with an increase in the diastolic membrane toward the normal (30 C.) level. ACKNOWLEDGMENT It is a pleasure to thank Messrs. 0. B. Saxby and E. R. Ramey for their advice and help in devising apparatus used in these experiments.
SUMMARIO IN INTERLINGUA
Esseva studiate le effecto de basse temperaturas super le potentiates transmembranal in fibras del nodo sinusal e in altere fibras de isolate atrios de conilio. Le frigidation causava un reduction del diastolic potential de membrana e del potential de action e un augmento del duration del potential de action. Le frequentia atrial se reduceva durante que le temperatura se abassava. Iste phenomeno esseva associate con un reduction del dispolarisationes diastolic e del diastolic potential de membrana plus tosto que con un alteration del nivello limine pro le discarga in le fibras del nodo sinusal. Quando le diastolic potential de membrana descendeva a infra 60 mv in fibras non pertinente al nodo sinusal, omne conducite potentiates de action dispareva. Tamen, le fibras del nodo sinusal continuava lor discargas a un temperatura ubi omne propagate activitate electric e omne contractiones habeva cessate. Le uso de acetylcholina (10~7 g/ml) a un temperatura ubi solmente le fibras del nodo sinusal esseva active evocava propagate potentials de action e contractiones. Iste action de acetylcholina esseva associate con un augmento verso le norma, i.e. verso le nivello existente a un temperatura de 30 C, in le diastolic potential de membrana.
